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Lipid–protein–interactionLipid monolayers at the air–water interface represent half of a lipid bilayer and are therefore suitable model
systems for studying the binding of peripheral proteins and polypeptides as well as proteins containing hy-
drophobic membrane anchors to membrane interfaces. Infrared reﬂection–absorption spectroscopy (IRRAS)
of these monolayer ﬁlms at the air–water interface provides information on the state of the lipid monolayers
as well as on the conformational and orientational order of the ﬁlm constituents. We will review shortly the
experimental set-up and the possibilities for obtaining structural information before several applications of
the method to lipid–protein monolayers will be described. We will focus on examples where the analysis
of the protein and peptide bands for pure monolayers of these compounds are combined with experiments
where the same compounds are bound to lipid monolayers. Combination of these experiments leads to detailed
information about the conformational properties and the orientation of the molecules at the air-water interface
in contrast to being bound to the lipid–water interface. This article is part of a Special Issue entitled: FTIR inmem-
brane proteins and peptide studies.
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1.1. Lipid monolayers as model systems for biological membranes
Biological membranes are composite structures composed of lipids
and proteins. The still accepted generalmodel for a biologicalmembrane
is the one proposed by Singer and Nicolson in 1972 [1], but in amodiﬁed
version where lipid heterogeneity and clustering in the plane of the
membrane is taken into account [2]. In this model the barrier function
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either incorporated into the membrane in a trans-membrane fashion,
are inserted in half of the lipid bilayer, or are peripherally bound to the
lipid headgroup–water interfacial region via polar interactions. The in-
corporation of proteins into membranes, the transport of proteins
through amembrane by speciﬁc transport machineries involving intrin-
sic proteins, the interaction of small peptides acting on membranes and
changing their properties, are only a few of the problems that are cur-
rently studied usingmany different techniques. Many of these problems
can be addressed by using lipid monolayers at the air–water interface,
since they mimic half of a bilayer lipid membrane. Experiments with
lipidmonolayers have certain advantages over experiments with bilayer
systems, since their phase state and their structure can be easily con-
trolled by changing the molecular area through compression. Also the
composition of the subphase can be changed very easily so that various
monolayer states can be produced [3–5]. Lipid monolayers have there-
fore been used extensively for studying the binding and insertion of var-
ious peptides and proteins, by recording pressure or area changes as a
function of time and concentration, after injecting the protein or peptide
into the subphase underneath the lipid monolayer. The recorded pres-
sure or area changes as a function of initial surface pressure lead to
plots where the so-called maximum insertion pressure can be deter-
mined, which is a measure of the surface activity of the peptides or
proteins on one hand and the strength of the interaction with the
lipids on the other hand. These types of experiments are important
to clarify whether the peptides, for instance, insert in the hydrophobic
lipid monolayer region or whether the peptides or proteins are
only adsorbed peripherally to the lipid headgroup–water inter-
face. Adsorption experiments are also a prerequisite for studying
the lipid monolayers with other methods such as grazing incidence
X-ray scattering (GIXS), X-ray reﬂectivity, ellipsometry, epi-ﬂuorescence
microscopy, Brewster-angle-microscopy (BAM), or infrared reﬂection-
absorption spectroscopy (IRRAS). While the ﬁrst mentioned methods
provide either information on the ordering within the lipid monolayer,
the lipidmonolayer thickness and its electron density proﬁle, or themac-
roscopic domain structure within the lipid monolayer, IRRAS, as a spec-
troscopic technique, is capable of obtaining detailed information on the
molecular conformation and orientation of the molecules within the
monolayer. In addition, using appropriate analysis techniques for data
gathered by angle-dependent reﬂection measurements, information on
theﬁlm thickness can be obtained and combinedwith the structural data.
The IRRAS technique was developed in the 1980s and has been ﬁrst
applied to the study of lipid monolayers alone [6–9]. However, IRRAS is
ideally suited to study the interaction of peptides and proteins with
lipids provided they interact only peripherally or insert in half of the bi-
layer membrane. Numerous publications, including comprehensive re-
views have appeared on this matter in the past, describing the early
results and the principles of data evaluation, so that the description
presented here will only shortly describe some experimental details
and then present some examples for data evaluation.
IRRAS experiments can be performed in different ways. Twomajor
techniques have evolved. The one described below is the so-called
shuttle technique where the Langmuir trough has two compartments
and is shuttled to two different positions to get single beam reﬂec-
tivity spectra of the bare water surface and of the water surface cov-
ered by a lipid monolayer. These two spectra are referenced to remove
water vapor bands [10,11]. The second technique widely applied is the
polarization-modulation (PM) technique, PM-IRRA spectroscopy. Here,
the polarization of the IR-beam is modulated by a photoelastic modula-
tor (PEM)with high frequency [12–14].With this technique, vibrational
bands from water vapor can also be effectively removed. Both of these
techniques have their advantages and disadvantages. Even using the
shuttling technique, it is sometimes difﬁcult to get rid of the water
vapor bands in the spectra, due to the fact that the humidity directly
above the monolayer surface in the sample trough is not necessarily
the same as above the free water surface in the reference trough. Thedisadvantage of the PM-IRRAS technique is, on the other hand, that
measurements of the spectra at different angles of incidence are difﬁcult
if not impossible to perform due to the fact that for optical reasons the
reﬂected light has to be collected directly into the detector. This severely
limits the range of angles where spectra can be recorded. The principles
of the IRRAS technique have been recently described again in an excel-
lent review by Mendelsohn et al. [11], where also several examples for
the application of IRRAS were presented. Our review here will be in
some ways similar but will focus more on recent applications using
IRRAS for the study of peptide and protein interactionswith lipidmono-
layers of our own group.
When lipidmonolayers are used asmodels for biological membranes
one has to be aware that the state of the lipid monolayer depends on the
ﬁlmpressure.Manyphospholipidswith saturated acyl chains showupon
compression a transition between a liquid-expanded (LE) state and a
lipid-condensed (LC) state. The LC state corresponds to the ordered
bilayer state observed below the gel to liquid-crystalline transition
in bilayers. However, biological membranes are mostly in the liquid-
crystalline state close to the endpoint of the phase transition region.
Therefore, when comparingmonolayer and bilayer experiments the ap-
propriate experimental conditions for themonolayer have to be chosen,
namely LE state and a surface pressure of around 30 mN m−1, the
so-called monolayer–bilayer equivalence pressure, where the molecu-
lar area of lipids in a bilayer and in a monolayer are the same or at
least similar [15–17].
1.2. FT-IRRA spectroscopy: experimental set-up
In FT-IRRA spectroscopy an FT-IR spectrometer is coupled a to Lang-
muir trough in away that the IR-beam from the spectrometer is focused
onto the air-water surface. The reﬂected light is then detected by an
IR-detector, usually a highly sensitive nitrogen-cooled MCT-detector.
The IRRAS setup used in our lab consists of a Bruker Equinox 55 FT-IR
spectrometer with a Bruker XA 511 reﬂection accessory. The Langmuir
trough (Riegler and Kirstein GmbH, Berlin) has a sample trough with
two movable barriers ﬁlled with buffer or pure water where a lipid
monolayer is spread onto the water surface, and a reference trough
without barriers containing only the pure water or buffer subphase.
Fig. 1A shows a scheme of the trough system in the reﬂection accessory
and Fig. 1B the actual reﬂection accessory with the IR-spectrometer to
the left. The trough system can be horizontally shuttled as indicated
by the arrow, so that the IR-beam is either focused onto the sample or
the reference trough surface. The light of the IR-beam is either s- or
p-polarized and the angle of incidence with respect to the surface nor-
mal can be varied between 20 and 80°.
In a typical experiment on a lipid monolayer, a deﬁned amount
of, for instance, a phospholipid in organic solvent is spread onto
the water surface of the sample trough. After evaporation of the sol-
vent the IR-beam is focused onto the sample trough and the reﬂec-
tivity spectrum R is recorded. The trough is then moved so that the
IR-beam is reﬂected from the bare water surface in the reference
trough and the reference reﬂectivity spectrum R0 is recorded. The
surface spectra of the ﬁlm components are then calculated from
the expression − log10(R/R0) = RA. Spectra are then presented as
plots of reﬂectance–absorbance (RA) vs. wavenumber. In an ideal
experiment the shuttle technique effectively removes the rotational–
vibrational bands from water vapor in the spectra.
1.3. Analysis of IRRA spectra
The analysis of the IRRA spectra is based on the evaluation of band
intensities of the different vibrational modes of the ﬁlm constituents.
The frequencies of the normal vibrations of lipids and proteins or pep-
tides are well known and their wavenumbers can be found in textbooks
or review articles [10,11,18]. Fig. 2 shows a typical RA spectrum of a
lipid ﬁlm of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) on
Fig. 1. (A) Sketch of the experimental IRRAS setup with the sample and reference troughs. The IR spectrometer is located at the left hand side. The beam is reﬂected from the surface
to the right hand side where the MCT detector is located. The angle ϕ of the incoming beam can be varied between 20 and 80°. ( B) View of the Bruker XA 511 accessory. Red arrows
designate the optical path of the IR-beam. The IR-spectrometer is located on the left hand side (not shown).
Fig. 2. Experimental und calculated IR reﬂectance–absorbance spectra of a DPPC mono-
layer on H2O at an angle of incidence of 40°. s-polarization: experimental ( black)
and calculated ( red) spectra. p-polarization: experimental ( green) and calcu-
lated ( blue) spectra (see text for further details). For the calculation of the ﬁlm
spectrum only one νas(CH2) band with a Lorentzian proﬁle of smaller half-width was
included, therefore no νs(CH2) and ν(CO) band can be seen in the calculated spectra.
The inset shows a magniﬁcation of the range of the νas(CH2) band [19].
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40° [19]. The spectrum is dominated by two intense bands arising
from water as the subphase, namely the OH stretching band at ca.
3600 cm−1 and the H2O deformation band at 1650 cm−1. The addi-
tional bands arising from the lipid on the surface are small. Themost in-
tense bands are the symmetric and antisymmetric CH2 stretching
vibrational bands at ca. 2850 and 2920 cm−1, the latter one shown in
the inset.
Infrared spectroscopy offers the advantage of isotopic labeling. The
substitution of hydrogen (H) by deuterium (D), for instance, leads to a
large shift of the CD2stretching vibrations to lower wavenumber.
An example for this is shown in Fig. 3 for a mixture of DPPC-d62
with perdeuterated acyl chains and the ganglioside GM1. In the mix-
ture, the CH2vibrations and the CD2vibrations of GM1 and DPPC-d62,
respectively, can be separately observed and the conformational be-
havior of both components in the mixture analyzed [19].
It is immediately obvious looking at the CH2vibrational bands in
Fig. 2 or 3 that these bands have negative intensities in the RA spectrum.
But this is only true for s- and p-polarized light at an angle of incidence
of 40°, an angle below the Brewster-angle. Depending on the orienta-
tion of the transition dipole moments with respect to the ﬁlm normal
the sign of the absorption band observed for p-polarized light changes
its sign as a function of angle of incidence. An example obtained by sim-
ulation is shown in Fig. 4 for a CH2 stretching vibrational band where
the transition dipole moment of the CH2 band is oriented parallel to
the interface. The simulations are based on the Fresnel equations using
the formalism developed by Kuzmin & Michailov [20] and described indetail by Flach et al. [21]. The simulations show the characteristic change
in sign above the Brewster-angle for the CH2 band when spectra are
recorded with p-polarized light.
Fig. 3. IR reﬂectance–absorbance spectra of DPPC-d62, GM1 and a 4:1 mixture of both
components illustrating vibrational bands of both components can be observed in
the spectrum of the mixture (angle of incidence: 42°, 28 mN m−1, on H2O at 20 °C).
Typical vibrational bands and their assignments are indicated [19].
Fig. 5. Intensities of the antisymmetric and symmetric CD2 stretching vibrational bands
of a monolayer of DPPC-d62 in the LC phase as a function of angle of incidence and po-
larization (experimental values as squares and circles and simulated data as lines) [19].
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tra recorded at different angles can be analyzed and the orientation of a
vibrational transition dipolemomentwith respect to the surface normal
can be determined [19]. In case the orientation of the transition dipole
momentwithin themolecular coordinate system is known, the orienta-
tion of the whole molecule can be determined. This is the case for CH2
vibrational bands of lipids as well as for the amide I and amide II
bands of peptides in speciﬁc secondary structures such as α-helices or
β-sheets.
Fig. 5 shows as an example the angle-dependent CD2band intensi-
ties of a monolayer of DPPC-d62 in the LC phase. The full line shows
the simulated intensities as a function of angle of incidence. The anal-
ysis leads to a tilt angle of ca. 28° of the acyl chains [19]. From the tilt
angle of 28° of DPPC determined by measuring the angular depen-
dence of the CD2 vibrational bands the thickness of the monolayer
can be calculated to ca. 2.6 nm, knowing the length of the molecule
from CPK-models.
The simulation of the baseline is an independent method to deter-
mine the ﬁlm thickness. This simulation can be performed knowing
the refractive index of H2O or D2O as a function of wavelength using ex-
perimental spectra [22]. Also a value of the refractive index of the lipid
ﬁlm needs to be known [21]. This calculation procedure can also be ap-
plied to peptide and protein ﬁlms. In particular, the change of intensity
of the OH bands is a ﬁrst hint and a qualitative measure on changes in
ﬁlm thickness (see Fig. 6 and Section 2.2) [19].Fig. 4. Simulated νas(CH2) stretching vibrational band as a function of angle of inci-
dence between 32 and 68° and a tilt angle of the alkyl chain of 27° [19].2. Examples for the application of IRRAS for the analysis of lipid–
protein interactions
2.1. Lipid monolayers at the air–water interface
The behavior of lipid monolayers at the air–water surface and the
information that can be obtained from IRRA spectroscopy was al-
ready partly described in the previous paragraphs. In Section 1.3 it
was described how angular-dependent measurements can be used
to determine the monolayer thickness and that isotopic substitution
can be used to differentiate between different components of a lipid
monolayer. The latter method is particularly useful for obtaining in-
formation in mixed ﬁlms on the behavior of the two components
upon ﬁlm compression. Lipids with saturated chains show a phase
transition from the liquid-expanded to the liquid-condensed phase
upon compression. This is accompanied by an increase in order of
the alkyl chains visible in the IR spectra by a decrease in the fre-
quency of the CH2 vibrational bands. In the case of a mixture of two
lipids, where one has perdeuterated chains, this change inwavenumber
can be determined for both components from the same spectra, as theFig. 6. (A) Experimental spectra of a monolayer of DPPC-d62 at the respective angles of
incidence below and above the Brewster-angle recorded with p- and s-polarized
IR-light together with simulations of the baseline assuming a ﬁlm thickness of
2.6 nm as shown below (B) for a monolayer with tilted chains [19].
Fig. 7. A: Wavenumber of the CH2 stretching band νas(CH2) of GM1 in a pure and
mixed monolayer with DPPC-d62 concomitantly with the respective pressure area iso-
therms. B: Wavenumber of the CD2 stretching band νas(CD2) of DPPC-d62 in a pure and
mixed monolayer with GM1 concomitantly with the respective pressure area iso-
therms [19].
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compression the frequencies for both components shift concomitantly
to lower wavenumber, if the monolayer is an almost ideal mixture. An
example for this behavior is shown in Fig. 7 for the case of a mixture
of ganglioside GM1 with DPPC [19].
The pressure-area isotherms shown on the right side of Fig. 7 show
that the transition pressure in the mixture is lower than for the pure
DPPC-d62. The incorporation of GM1 into the monolayer obviously
leads to a stabilization of the LC phase. This is also evident from the
somewhat lower wavenumber for DPPC-d62 in the mixed ﬁlm at high
pressure. Angular-dependent measurements for ﬁlms in the LC phase
indicate that in agreement with this notion the tilt angle of DPPC-d62
is reduced from 29° to 19° at a pressure of 40 mN m−1. In contrast
the wavenumber of the CH2stretching vibration of GM1 indicates
slightly less ordering upon compression. The tilt angle at a pressure
of 40 mN m−1 stays more or less the same with ca. 25°–28°. These
examples show that isotopic editing can reveal detailed information
on the conformational order and the orientation of individual com-
ponents in mixed lipid monolayers [19].
2.2. Peptide and protein ﬁlms at the air–water interface
2.2.1. Peptide monolayers: secondary structure and orientation
Almost all molecules soluble in water tend to accumulate at the
air–water interface, i.e. their concentration at the air–water interface
is higher than in the bulk. This leads to a lowering of the surface ten-
sion of water. Exceptions are inorganic salts, for instance, which do
not accumulate at the air–water interface and lead to a slight increase
in surface tension. However,much higher concentrations above 100 mM
are needed to observe this effect. A similar increase can be observed for
amino acids with charged side-chains [23].
For amphiphilic molecules the decrease in surface tension is much
more pronounced due to the formation of Gibbs ﬁlms at the surface. Pep-
tides and proteins also accumulate at the air–water surface and can de-
crease the surface tension σ in a concentration-dependent manner. In
many cases a concentration of 1–5 μM is sufﬁcient to reach a saturation
of the surface so that a further increase in concentration does not lead a
further decrease in σ. For peptides and proteins even a concentration of
20 nMmay be sufﬁcient to obtain good quality IRRA spectra of the mol-
ecules at the surface. An example is shown for an amphipathic model
peptide named KLAL with the sequence KLALKLALKALKAALKLA-NH2
whichwas designed tomimic antimicrobial peptides perturbing andper-
forating bacterial membranes [24–26]. This peptide is very surface active
and decreases the surface tension at a concentration of 2 μM by ca.
25 mN m−1. IRRA spectra of the peptide ﬁlm obtained at a very low con-
centration of 26 nM as a function of time are shown in Fig. 8.
The results show that after a considerable lag time the surface
pressure suddenly increases. Spectra recorded before this sudden
pressure increase, indicate that only minute amounts of peptide
are present at the interface. Up to the time where the pressure max-
imum is observed the KLAL peptide is in an α-helical conformation
as indicated by the wavenumber of the amide I band (ca. 1658 cm−1).
At a later stage the spectra indicate a conformational transition from
an α-helix to a β-sheet (amide I band at ca. 1620 cm−1 and a shoulder
at ca. 1688 cm−1) with a concomitant pressure decrease caused by
intermolecular aggregation of the β-sheets at the air–water surface.
The example clearly shows the potential of themethod in studying con-
formational transitions occurring during the adsorption to the air-water
interface. The transformation to intermolecular β-sheets is probably
caused by the increase in surface concentration due to adsorption. This
transformation can only be observed at very low concentration of the
peptide in the subphase. Only then is the increase of concentration at
the surface slow enough to observe this conformational transition with
the low time resolution of the IRRAS experiment. At higher subphase
concentration of the peptide the increase in surface pressure is much
stronger and the intermediate α-helix cannot be observed any more.Similar conformational transitions with ﬁnal β-sheet formation are ob-
served for a variety of other peptides such as the amyloid β (1–40) pep-
tide [27,28], the amyloid peptide IAPP [29], signal peptides for the TAT
transport machinery [30,31], or synthetic hydrophobic peptides of the
type K2(LA)n with n = 10 or 12 [32], while other peptides such as
Fig. 8. IRRA spectra of KLAL at different times after injection of a peptide solution into
the buffer subphase (ﬁnal concentration 26 nM, 10 mM Tris, 154 mM NaCl, pH 7.4,
angle of incidence 40°, p-polarization). Inset: surface pressure as a function of time
after injection of the peptide. The numbers designate the time points at which the spectra
were recorded [26].
Fig. 9. A: IRRA spectra of a monolayer of KLAL taken at different angles of incidence as
indicated. B: Simulation of IRRA spectra of a β-sheet secondary structure lying ﬂat at
the interface on H2O. The calculation was performed for p-polarized light and the re-
spective angles of incidence for the amide I bands at 1627 and 1690 cm−1 and the
amide II band at 1535 cm−1. The band at high wavenumber belongs to antiparallel
β-sheets, it usually does not show up with signiﬁcant intensity in the experimental
spectra.
Fig. 10. IRRA spectra of amide vibrationalmodes of sheep hemoglobin (1 nM) adsorbed at
the air/water interface acquired with p- and s-polarized light at the respective angles of
incidence at a surface pressure of 4.5 mN m−1 [36].
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the neuropeptide Y (NPY) [35],remain in α-helical form.
With IRRAS it is possible to determine the orientation of theα-helices
or β-sheets with respect to the surface normal. For this, IRRA spectra at
different angles of incidence have to be recorded as described above.
Fig. 9 shows spectra for themodel peptide KLAL taken at different angles
of incidence in comparison with calculated spectra for β-sheet peptides
lying ﬂat on the water surface. Spectra taken at an angle of incidence
below the Brewster angle display negative amide I and II bands for
p-polarized light. The sign reverses at the Brewster angle, i.e. the bands
become positive. With the knowledge of the orientation of the transi-
tional dipole moments of the amide I and II bands it is possible to calcu-
late the spectra as shown on the right. The analysis shows that the
β-sheets must be oriented parallel to the water surface.
Further proof for the assumption of the β-sheet being oriented par-
allel to thewater surface comes from the analysis of the thickness of the
peptide monolayer using the analysis of the OH vibrational band as de-
scribed above. The calculated thickness corresponds to the thickness
of a β-sheet. Similar analyses have been performed for other peptide
monolayers at the air–water surface, regardless of whether β-sheets
are formed or whether the peptides are in the α-helical form. For the
latter case it could be shown in many cases that the α-helices are
also oriented with their long axes parallel to the water surface.
2.2.2. Protein monolayers: secondary structure and orientation
The question arises whether larger completely folded proteins also
show conformational transitionswhen adsorbed to the air–water surface
or whether they stay in their native conformation but orient in a speciﬁc
way relative to the water surface. Most proteins show surface activity
and accumulate at the air-water interface, even if they are completely
water soluble up to high concentrations. An example for this is the
protein hemoglobin where almost all secondary structural elements
arein anα-helical conformation [36]. Even at a very low bulk concentra-
tion of only 1 nM a decrease in the surface tension of 4.5 mN m−1 is ob-
served. IRRA spectra recorded as a function of angle of incidence indicate
that theα-helical conformation is preserved at the interface and that the
α-helices aremostly oriented parallel to the air–water interface (Fig. 10)
[36].
Other proteins are less surface-active. For instance, for the protein
lactoferrin a concentration of 1 μM is needed to reach a surface pres-
sure of 11 mN m−1. Also in this case the secondary structure of the
protein remains unchanged when it is adsorbed to the interface as
the IRRA spectra show. As the orientation of the secondary structure
elements within the protein are oriented in all directions in themolecular frame, angular-dependent measurements of the amide
I and II intensities cannot be used to determine the protein orien-
tation at the interface [36].
More complicated adsorption behavior and also reorientational
processes can also be observed. For instance, for the lipidated Ras
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of 200 nM,the surface pressure vs. time curve shows a two-step ad-
sorption behavior with a ﬁrst fast adsorption phase and a second
slower phase where the surface pressure increases further to the
ﬁnal value of 22 mN m−1 (see Fig. 11A) [37]. IRRA spectra recorded
during the adsorption process indicate that the surface concentra-
tion stays more or less constant but the protein orientation changes
during the second step of the adsorption curve (Fig. 11B), indicated
by the change in band-shape. In this case, the orientation of the dif-
ferent secondary structure elements is not isotropic in the molecular
frame so that certain orientations of the protein relative to the
monolayer plane can be excluded on the basis of angular-dependent
measurements and simulations using the coordinates of the crystal struc-
ture of the protein. The IRRA spectra of the amide I band taken at differ-
ent angles of incidence and with different polarizations are shown in
Fig. 11C and D. For details of the simulations the reader is referred to
the original literature where line shape simulations for different orienta-
tions are shown [37].
The structure of protein ﬁlms of beta-casein, beta-lactoglobulin,
(soy) glycinin, or ovalbumin has been studied extensively by the group
of Meinders, including the analysis of not only protein monolayers but
also of thick protein ﬁlms at the air–water interface obtained by increas-
ing the concentration in the subphase [38–41]. The adsorption of other
types of proteins has also been studied. For instance, gliadins are a
class of monomeric proteins from wheat storage proteins. They areFig. 11. (A) Surface pressure versus time course of DH-N-Ras ﬁlms at a 200 nM protein conce
the subphase. (B) IRRA spectra of the amide I region of the DH-N-Ras ﬁlm at the respective p
angle of incidence of 40° and with s-polarized light. (C) and (D) IRRA spectra of DH-N-Ras
various incident angles: 1) 32°, 2) 36°, 3) 40°, 4) 44°, 5) 48°, 6) 52°, 7) 60°, 8) 64°, and 9)surface active and form proteins monolayers which upon compres-
sion show conformational transitions. These have been extensively
characterized by PM-IRRAS [42]. Insulin monolayers have been ex-
amined by a combination of epi-ﬂuorescence, Brewster-angle mi-
croscopy, and IRRAS. Insulin forms stable monolayers up to a surface
pressure of 25 mN m−1. IRRAS experiments showed that the con-
formation remained essentially α-helical, meaning that no surface ag-
gregation intoβ-sheets occurred during compression of the protein ﬁlm
[43]. A special case of a protein isranaspumin-2. This is a surfactant
protein from the foam nests of a tropical frog and “designed” to be
highly surface active. Its secondary structure is comprised of a single
helix over a four-stranded sheet. When bound to the air–water in-
terface, angular dependent IRRA-spectra indicate that both second-
ary structure elements, the single α-helix as well as the β-sheets
are oriented parallel to the air–water interface. This means that prob-
ably on open clamshell-like structure is formed at the air–water inter-
face providing the protein the surfactant-like properties [44].
2.3. Interactions of small peptides with lipid monolayers
In the previous paragraphs the behavior of peptides and proteins
at the air–water interface was described. The question how peptides
and proteins interact with lipid monolayers on the water surface
can also be studied in detail by applying IRRA spectroscopy. The in-
centive to use IRRAS for this purpose is the possibility to obtain atntration starting with the injection of the appropriate volume of the stock solution into
ositions 1–5 of the surface pressure time curve in panel A. Spectra were recorded at an
(200 nM) adsorbed at the air–D2O interface acquired with p- and s-polarized light at
68°. The surface pressure was 20 mN m−1 [37].
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their orientation with respect to the monolayer–water interface as
well as the secondary structure of the adsorbed peptide and its orien-
tation. As an example we show the adsorption behavior of the antimi-
crobial peptide KLAL which by itself forms β-sheets at the air–water
surface (see above, Figs. 8 and 9). When KLAL is injected underneath
a monolayer of negatively charged POPG, it is ﬁrst electrostatically
attracted to the negatively charged monolayer before it is strongly
bound to the headgroup region [45]. Fig. 12 shows on the left side
the surface pressure vs. time curves for the KLAL adsorption to mono-
layers of different charge density. It is obvious that an increase in sur-
face charge leads to larger changes in surface pressure at constant
area, i.e. to stronger binding. On the right hand side the IRRA spectra
in the C_O and amide I region as a function of time after injection are
shown. When the surface pressure starts to rise, the amide I band
starts to appear, indicating that the peptide is now in the interface re-
gion. The intensity of the amide I band increases with further pres-
sure increase until it stays constant after ca. 2 h. The position of the
amide I band clearly indicates that the peptide KLAL is in an α-helical
conformation. This is the preferred conformation when the amphi-
pathic character is maximal. The lysine side chains of the peptide
are now oriented in the headgroup region of the lipid towards theFig. 12. (A) Surface pressure vs. time curve after the injection of KLAL underneath lipid
monolayers of different composition as indicated. The initial pressure of the lipidmonolay-
er was in the range of 28–31 mN m−1. The concentration of KLAL in the trough was
500 nM after injection (10 mM Tris, 154 mM NaCl, pH 7.4). (B) IRRA spectra in the C_O
and amide I region recorded at different times after injection of KLAL underneath a POPG
monolayer (angle of incidence 40°, p-polarization). After ca. 2 h the surface pressure
stays constant. The amide I band is at a position that indicates that the bound KLAL is in
an α-helical conformation (adapted from Ref. [45]).water phase while the hydrophobic side of the amphipathic helix
points to the hydrocarbon chain region [45].
The high surface pressure of 40 mN m−1 reached after injection indi-
cates that the peptide KLAL is a very effective binder to negatively
charged monolayers. This is still the case when the surface charge
density is reduced to 50 or 25% of a pure POPG monolayer. Also in
these cases the secondary structure of the peptide is α-helical.
Angular-dependent measurements (not shown) at this surface pres-
sure showed that the amphipathic α-helix of the peptide is oriented
almost parallel to the air–water interface. When the lipid ﬁlm with
bound peptide is expanded, more peptide can be bound to the
lipid monolayer, however, in this case the consecutively bound pep-
tide is in a β-sheet conformation. Upon compression these peptides
are squeezed out into the subphase again and the peptides in α-helical
conformation remain at the surface. When mixed monolayers of POPG
with either POPC or POPE are studied, it is evident that the binding of
the amphipathic peptide, in this case the peptide KLA1, modiﬁed by ex-
changing a leucine at position 11 in KLAL against a trytophane, depends
also on the second lipid component, as for POPG–POPE monolayers a
higher binding afﬁnity is observed than for POPG–POPC [46].
Other peptides, such as the neurotransmitter neuropeptide Y (NPY)
show similar adsorption properties. This peptide has 36 amino acids
and is also positively charged, as it hasﬁve cationic amino acids. In buffer,
this peptide already adopts an α-helix as secondary structure and this
secondary structure remains when the peptide is adsorbed to the air–
water interface or when bound to a negatively charged lipid monolayer,
such as DMPS. Also in this case, the increase in surface concentration due
to electrostatic attraction to the interface is the ﬁrst step upon binding
[35].A yet different adsorption behavior is found for the amyloid β (1–
40) peptide (Aβ) which forms ﬁbrils composed of β-sheets. The peptide
shows a high tendency to formβ-sheets already in buffer solution.When
it adsorbs to the air–water (buffer) interface, it forms also a β-sheet
which is oriented almost parallel to the air–water-interface. It binds to
anionic lipids in the LC phase only onwater as subphase, where it adopts
again a β-sheet conformation. On buffer, no adsorption to the negatively
charged surface is observed, unless the lipid is in the LE phase [27,47].
A similar tendency for β-sheet formation is also seen for the Islet
amyloid polypeptide (IAPP) which has 37 amino acids. This peptide
can also form ﬁbrils from cross β-sheets and is responsible for the evo-
lution of type II diabetes mellitus (TIIDM). In buffer or water this pep-
tide has likely a random conformation. Upon binding to the air–water
interface, it ﬁrst forms an α-helix before gradually over several hours
β-sheets are being formed due to aggregation [29].When the peptide
is injected underneath a negatively charged lipid monolayer of POPG
it binds strongly to the lipid headgroup region in a two-step manner.
First, α-helices are formed, which are oriented parallel to the interface.
Theseα-helices thenmake a conformational transition to β-sheets, also
being oriented parallel to the interface. A signiﬁcant amount of β-turns
remain in the structure even after longwaiting times.With atomic force
microscopy of the transferred ﬁlm it could be shown that ﬁbrils with an
average height of 4 nmwere formed from the β-sheets lying parallel to
the interface. The transitions observed upon binding are schematically
shown in Fig. 13 [29].
Numerous other studies have been performed studying the inter-
action of peptides with lipid monolayers using IRRAS techniques. In
particular, several antimicrobial peptides have been studied, such as
dicynthaurin from extracellular ﬂuids of marine organisms [48],
mycosubtilin, an antimicrobial lipopeptide produced by Bacillus subtilis
[49], arenicin from marine polychaeta Arenicola marina, having a
β-hairpin structure [50], to name only a few.
The interaction of pulmonary surfactants with lipid monolayers has
been studied inmuchdetail by the group ofMendelsohn [51–58] and by
Nakahara et al. [59,60].
Signal peptides are usually attached to proteinswhich are destined for
export from intracellular compartments. In their free form they can also
bind to lipid monolayers [30,31]. When attached to the cargo proteins
Fig. 14. (A) IRRA spectra of human lactoferrin (hLf) adsorbing to a lipid A monolayer:
( black) lipid A at 29.1 mN m−1; ( red) adsorption of hLf after 2.5 h (1 μM; ﬁnal
surface pressure: 30.2 mN m−1). The increase in the OH vibrational band (arrow) is
due to protein adsorption. (B) ( green) difference spectrum from panel A: subtrac-
tion of the lipid spectrum from the lipid–protein spectrum after the adsorption of hLf at
the lipid monolayer; ( blue) IRRA spectrum of a hLf protein ﬁlm at the air–water in-
terface after 4.5 h of adsorption (1 μM; 11 mN m−1). All spectra were recorded with
p-polarized light at an angle of incidence of 40° (adapted from Ref. [36]). (C) schematic
illustration of the hLF protein ﬁlm underneath the lipid monolayer.
Fig. 13. Schematic model of lipid-induced hIAPP conformational transitions and ﬁbril
formation when hIAPP is bound to POPG monolayers (adapted from Ref. [29]).
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faster diffusion to the protein transport machinery (see below).
2.4. Adsorption of proteins to lipid monolayers caused by polar and
hydrophobic interactions
As described above for the interaction of peptides with lipid mono-
layers, several different scenarios can occurwhen proteins interact with
lipid monolayers. They can bind to the headgroup region of the lipid
monolayer, for instance, by electrostatic interactions. In this case the
monolayer pressure should essentially stay almost unchanged, because
the protein is then not inserted into the hydrophobic chain region.
Other possibilities are the anchoring of proteins by lipid anchors or by
hydrophobic helices or β-sheets in the alkyl chain region of the mono-
layer. In this case, the insertion of the anchors should lead to a pressure
increase when the area is kept constant or to an area increase at con-
stant pressure. Combinations of these interactions are also occurring,
for instance, accumulation of the protein at the interface by electrostatic
interactions with consecutive anchoring of a lipid chain or a hydropho-
bic or amphiphilic helix in the apolar monolayer region.
An example for the ﬁrst type interaction scenario, adsorption only
to the lipid headgroup region, is human lactoferrin (hLF) which ad-
sorbs strongly to lipid A [36]. Fig. 14 shows on the left IRRA spectra
of the pure lipid A ﬁlm and of the lipid–protein ﬁlm after adsorption
of hLF from the subphase.
The experiments show that hLF is not incorporated into the lipid A
monolayer, because the monolayer pressure does not change. It is also
evident that due to the adsorption of the protein the total ﬁlm thickness
increases (see increase in OH band intensity in Fig. 14A). The amide I
and amide II bands of the protein are clearly visible. The difference spec-
tra in Fig. 14B (OH-band intensities) indicate that the proteinﬁlm thick-
ness underneath the monolayer is essentially the same as the one for a
pure hLF proteinﬁlm at the air–water interface. The amide I and II bands
are also the same for the pure protein ﬁlm and for the protein adsorbed
to the lipid A monolayer.
An example for the second type of interaction, the anchoring of a
protein by lipid chains, are the Ras proteins [37]. The adsorption of
DH-N-Ras to the air–water interface was already described above
(see Fig. 11). DH-N-Ras carries two hexadecyl chains connected to
the N-terminus of the protein. These two lipid chains are responsible
for the anchoring of the protein in a lipid monolayer. The adsorption
process occurs again in two steps where the intensity of the amide I
band changes obviously due to a rearrangement of the orientation of
the protein when it is adsorbed to the lipid monolayer (see Fig. 15). In
the ﬁrst step a random orientation is found from the comparison of
angular-dependent band intensities with calculated spectra. In thesecond step the protein probably assumes a speciﬁc orientation
where the incorporation of the two hexadecyl chains at the N-terminus
into the monolayer is optimized. The protein with two chains remains
anchored in the bilayer even at high monolayer pressure after ﬁlm com-
pression,whereas proteinswith only one alkyl chain get squeezed-out at
higher pressure [37]. Further experiments of this class of proteins, in this
case K-Raswith one farnesyl chain, were carried out by theWinter group
[61,62].
A combination of electrostatic and hydrophobic anchoring is ob-
served for proteins with signal peptides, which are transported by
the Tat pathway through bacterial cytoplasmic membranes into the
periplasmic space or through thylakoid membranes in chloroplasts
[30,31].The twin-arginine translocation (Tat) pathway is unique in
its ability to transport folded proteins across lipid bilayers. The name
Tat is derived from the twin-arginine motif in the signal peptide
Fig. 15. (A) Surface pressure versus time course of a POPC/SM/Chol ﬁlm at the air–D2O
interface after injection of DH-N-Ras (200 nM). (B) IRRA spectra of the lipid ﬁlm (1) at
11.5 mN m−1 and of the mixed lipid/protein ﬁlms (2–4) at the respective positions of
the surface pressure time curve. All spectra were recorded at an angle of incidence of
40° with s-polarized light (adapted from Ref. [37]).
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system transports the folded protein across themembrane using a pro-
ton gradient or an electrical potential difference as driving force
[63,64], is probably the binding of the protein substrate via the sig-
nalling peptide to the lipid membrane. This notion could be proven
by IRRA spectroscopy for two different Tat systems, namely a protein
with the signal sequence from the thylakoid system and another signal
peptide used by the Tat system in E. coli.
Fig. 16 shows IRRA spectra after the adsorption of the mature
protein HiPIP (high potential iron–sulfur protein) from Allochromatium
vinosum, the precursor HiPIP carrying the signal peptide, and the signal
peptide itself.
The IRRA spectra in Fig. 16 show that the mature HiPIP does not
adsorb to the E. coli PG monolayer at all as no additional vibrational
band in the amide region is observed. This is different for the precur-
sor HiPIP carrying the signal peptide and also for the signal peptide it-
self. Whereas the precursor HiPIP shows an amide I band at a position
characteristic for α-helices, indicating that the signal peptide as well
as the HiPIP itself have predominantly α-helical secondary structure
elements. This is different for the pure signal peptide itself. Here,
the amide I bands consist of a superposition of at least two bands,
one located at the characteristic wavenumber of α-helices, the other
at 1620 cm−1 at a wavenumber found for aggregated β-sheets. As
the signal peptide itself is very surface active, it intercalates between
the lipid headgroups and in thismanner can also aggregate thusmaking
a conformational transition from α-helix to β-sheet. The adsorption
experiments were performed at constant pressure of 20 mN m−1and the change in area was recorded as a function of time. The
data show that the signal peptide alone leads to an area increase of
almost 80% indicating that much of the area is occupied by the pep-
tide. This is the reason that the CH2bands of the lipids decrease in in-
tensity. Adsorption of the precursor HiPIP leads to a much lower
increase in area. The HiPIP with the attached signal peptide does
not aggregate, despite the fact that the signal peptide is intercalated
in the monolayer. This is due to the large size of the globular protein
which prevents that the signal peptides can come together [31].
Summarizing these results one can conclude that though the signal
peptide alone in buffer solution is unstructured, it forms α-helices and
consecutively β-sheets when interacting with negatively charged PG
monolayers. When it is attached to its substrate protein HiPIP aggrega-
tion toβ-sheets does not occur. The signal peptide is now in anα-helical
conformation and anchors the HiPIP at the lipid monolayer surface.
Another example for a proteinwhich upon interactionwith a bilayer
membrane makes a conformational change and adopts an α-helical
structure is the heat shock protein Hsp12. This protein has 102 amino
acids, is soluble in water and essentially unstructured. However, when
interacting with a negatively charged monolayer made up from POPG,
it shows a conformational transition and amphipathic α-helices are
formed. Binding to zwitterionic phospholipids such as PC does not
occur. This shows again that the binding afﬁnity is due to electrostatic
interactions in combination with the amphipathic nature of the formed
α-helices. The helices are embedded in the lipid monolayer in between
the chains, as an area increase at constant pressure is observed. It is as-
sumed that this incorporation into the lipid bilayer could protect the
Hsp12 against the attack by proteases. This was indeed proven with
lipid vesicles where the presence of DMPG vesicles protected the
α-helical segments against degradation by proteinase K [65].3. Summary and outlook
We hope that we could show that IRRA spectroscopy is a versatile
tool for studying interactions of peptides and proteins with lipid mono-
layers. The advantages of this technique are that minute amounts of
materials are needed and that the infrared spectra contain a wealth of
information on the structure of the lipid monolayers but, more impor-
tantly, on the secondary structure of the adsorbed or intercalated pep-
tides or proteins and their orientation with respect to the interface.
The latter information can be obtained from angular-dependent mea-
surements of the IRRA spectra using the shuttle technique and analysis
of the intensities of the amide I and II bands as a function of angle of in-
cidence. Additional information on the ﬁlm thickness can be obtained
from the analysis of the intensity of theOH stretching band as a function
of angle of incidence. This possibility has not been fully exploited up to
now. For the analysis of the thickness of pure lipid ﬁlms reliable values
can be obtained, because the optical constants for lipid ﬁlms are known.
More difﬁcult are systems, such as polymers [66], other amphiphiles
[67], or mixed lipid–protein ﬁlms [36], where the optical constants
can inmany cases only be estimated. However, at least qualitative infor-
mation on the change in ﬁlm thickness and differentiation between in-
sertion and adsorption can bemade (see examples above). The use of a
global ﬁtting procedure of theOHbands togetherwith the characteristic
bands of the ﬁlm constituents and a thorough error analysis will lead
to further improvements in data analysis and will yield additional
quantitative information on the conformation and orientation of the
ﬁlm constituents.Acknowledgements
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Fig. 16. (A) IRRA spectra of an E. coli PG lipid monolayer at a surface pressure of 20 mN m-1 ( black, dashed) and of the respective ﬁlms of HiPIP ( red), precursor HiPIP
( green), and HiPIP signal peptide ( blue) adsorbed at the lipid monolayer after ~5 h (trough concentration of 100 nM). All spectra were recorded with p-polarized light
at an angle of incidence of 40°. Inset: enlargement of amide I and II bands. (B) Difference spectra between the ﬁlms ~5 h after injection of HiPIP, precursor HiPIP, and signal peptide,
respectively, and the E. coli PG monolayer shown in Fig. 16A (adapted from Ref. [31]). (C) Scheme of how the conformation of the signal peptide of the precursor HiPIP changes
when bound to a lipid monolayer.
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